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PRELIMINARY EFFORTS TOWARDS THE ANALYSIS OF UNSTEADY PRESSURE
MEASUREMENTS AROUND WING MODELS IN TRANSONIC FLOW
Stephen Witherspoon*
Department of Mechanical and Aerospace Engineering and Engineering Mechanics
University Of Missouri-Rolla, Rolla, Missouri 65401

ABSTRA CT

A computer code was developed to implement methods of analyzing
unsteady pressure measurements acquired from a wing model immersed
in transonic flow. The code uses the fast Fourier Transform to identify
phase changes and magnitudes of dominant frequencies over time in the
unsteady pressure coefficients. The transformed data, as well as the raw
data, are graphed and the results explained in detail identifying features
depicted in the graphs. Also, the code performs some simple statistical
calculations and smoothes the data to remove insignificant noise in the
signal, if desired.
IN TR O D U C TIO N

Transonic flow refers to a flow speed that is subsonic, but that may
become supersonic when it passes over a given body. As the speed of a
flow over a wing, for example, approaches the speed of sound, the
acceleration of this flow caused by the camber of the wing can generate
supersonic speeds on the wing surface even though the free stream Mach
number (M«,) is subsonic. The free stream flow speed at which the flow
becomes supersonic at some point along the body is referred to as the
critical Mach number (Mcr) (Fig. l.a.). When wings and other such bodies
are immersed in transonic flow, certain unsteady phenomena can be
observed.
For instance, the formation of supersonic flow regions or
"bubbles” on the wing surface may be seen as sketched in Figure l.b.
Inside the bubble, the flow is supersonic while outside the bubble, the flow
is still subsonic.
The bubble size grows as the free stream velocity
approaches Mach 1. The supersonic flow inside the bubble decelerates due
to friction and if the deceleration is not a smooth one, a shock forms at the
bubble's downstream boundary.
The ensuing steep pressure gradient
causes the flow to become separated from the wing, and this separation
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destroys the lift at that point and causes high drag (Fig. l.c.). This Mach
number is known as the Mach number at which the drag diverges or
becomes large (M drag-divergence)- Since supersonic flow can develop from
subsonic flow wherever sufficient camber is encountered, the lower
surface of the wing can have the same problems of shocks, separation and
drag as experienced by the upper surface. These complex flow features

Figure. 1.

(C)
Phenomena caused by increasing flow Mach number.

are further complicated by the elastic nature of the wing model's structure.
When conditions are right, shocks can alternate between upper and lower
wing surfaces and the wing is said to flutter. This can obviously have
catastrophic effects on the wing and structures to which it is attached,
therefore, the prediction of the location and knowledge of the triggering
mechanisms of these flow features is of great importance.
The investigation performed here consisted of analyzing unsteady
pressure coefficients, collected from pressure transducers mounted in the
wing model, in an attempt to study the various flow features. This was
accomplished by developing a program that uses spectral analysis, among
other things, to identify such features as flow separation, transition, and
reattachment as well as shock waves along the wing surface. The data
used for analysis is realistic, i.e. it is actual wind tunnel data where the
flow is unsteady, viscous, compressible, and may have shock waves and
massive flow separation. This kind of analysis can be used to validate CFD
codes that attem pt to predict flow features from mathematical
form ulations.
EX PERIM EN TAL PR O C ED U R E

All the data used in this study was recorded from a benchmark
model developed at the NASA Langley Research Center and tested in the
NASA Langley Transonic Dynamics Tunnel (TDT) [ref. 1]. The model
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consisted of a rectangular planform, half-span wing with an NACA 0012
airfoil cross-section attached to a pitch and plunge apparatus (PAPA). The
apparatus allowed the model to move in the pitching (rotational) and
plunging (translational) directions.
The wing was separated from the
apparatus by a splitter plate so that the flow would be undisturbed by
struts and gauges. Pertinent instrumentation on this model consisted of 40
pressure transducers at each of two span locations, 60 and 95 percent of
the wing span.
At each location, the transducer ports were distributed
over the upper and lower wing surfaces as shown in Figure 2.
The
concentration of transducers over the upper surface of the wing was
greater, and since the wing was symmetrical, only data for transducers
from the upper surface was analyzed.

Figure. 2.

Location of pressure transducers on wing model cross section.

METHOD OF ANALYSIS
As mentioned before, the data that was analyzed was in the form of
non-dimensional pressure coefficients (Cp).
Pressure coefficients are
defined as being functions of free stream pressure (PM) and Mach number
(Moo), local pressure (p), and the ratio of specific heats (y) as in equation 1.1

(1)The sign of Cp, then, would indicate whether the local pressure was higher
or lower than the free stream pressure. If Cp were negative, there would
be suction at that point on the airfoil surface. It is precisely these negative
Cp values that are responsible for creating lift. The plots that are shown
later are plots of negative Cp as a function of position (x) along the chord
(c) of the wing, denoted (x/c).
With this in mind, simple statistical features of the data, such as the
mean, variance, skew, and kurtosis were calculated for a given pressure
coefficient versus time series.
Smoothing of the data, to eliminate
unwanted high frequency oscillations of the data (noise), was made
possible by using the fast Fourier Transform (FFT) to low pass filter the
211

raw signal. The FFT was also employed in performing spectral analysis on
the data. The computer program was designed to isolate the data of an
individual transducer from a data set containing data for 40 transducers
and to then evaluate the FFT of this data. The resulting data set contained
a set of complex numbers symmetrical about the zero frequency. The half
of the complex numbers that were on the negative frequency side were
meaningless, but from the other half, the magnitude and phase could be
calculated. The complex numbers produced by the FFT were split into real
and imaginary portions and placed in consecutive data elements.
Magnitude was then found by calculating the square root of the sum of the
squares of two consecutive elements.
The phase was simply the arc
tangent of the two consecutive data elements. Some conditioning of the
phase was done to reduce erroneous results of dividing two very small
numbers. This division was necessary because the phase angle is equal to
the arc tangent of the quotient of the imaginary over real portions of a
given complex number.
RESULTS
The pressure coefficient data is highly unsteady at some points, as
can be seen from Figure 3, a sample of Cp versus time plot for several
transducers at M=0.882. Therefore the plots in Figure 4 are plots of the
time-averaged pressure coefficient. These pressure coefficient plots (Fig.
4) for the given airfoil cross-section have the typical convex region
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Figure. 3. Unsteady pressure coefficient measurements at M=0.882

indicating a low pressure area that is due to the flow acceleration over the
airfoil camber. These plots, however, contain pressure variations that are
not typical. Parts (a) and (b) of Figure 4 show a suction peak near the
leading edge, at 0.075c, that does not follow the general trend of the rest of
the pressure coefficients. Parts (c)-(e) of Figure 4 exhibit large convex
regions with steep trailing edge boundaries.
These sharp increases in
pressure may indicate shocks.
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Figure 4 presents the pressure coefficient plots in order of increasing
Mach number in order to better visualize the appearance and progression
of flow features. Part (a), at M=0.512, shows a fairly smooth Cp profile
with the exception of a suction peak at x=0.075c. The smoothness of the
profile indicates that there are no shocks over the airfoil. The nature of
the suction peak is not fully understood at this point, but it is thought to be
some sort of bubble in which separation, transition, and reattachment of
the flow occurs. The pressure recorded by the transducer within the
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Figure. 4.
Mean pressure coefficients (Cpbar) versus chord-wise position (x/c).
(a). M=0.512; (b). M=0.774; (c) M=0.780; (d) M=0.824; (e) M=0.882.
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bubble is quite low when compared to the free stream pressure and thus
shows up as a peak in pressure coefficients. It is possible, even at Mach
numbers of 0.512 and lower, for supersonic flow to be present in this
bubble causing the suction peak [ref. 2]. As the Mach number is increased
to M=0.774, (b), the suction peak is still present, but another bulge has
appeared. This bulge between x=0.1c to x=0.35c may be a supersonic
bubble as described before and sketched in Figure 1. The trailing edge of
this bubble may not be steep enough at this point to be a shock. A smaller
rise in Cp values occurs around x=0.75c. This may be the beginnings of a
smaller supersonic bubble.
Once the Mach number has increased to
M=0.780, the leading edge suction peak and supersonic bubble have
merged to form a large region of low pressure. The downstream boundary
of this bubble indicates that a shock is present. There also seems to be a
series of two smaller bubbles and weak shocks at x=0.55c and x=0.7c after
the main bubble and shock. For a Mach number of 0.824, the flow is very
complex and highly unsteady. Part (d) of Figure 4 shows an oscillation at
x=0.05c and then the large supersonic bubble starting at about x=0.075c.
The large bubble contains what could be multiple weak shocks at x=0.15c
and x=0.25c and then a large shock at
2001
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Figure. 5. Phase for M=0.882.
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x=0.35c evidenced by a large drop in Cp. The flow after this contains even
more weak shocks at x=0.65c and x=0.8c as the flow attempts to accelerate
again.
By the time a Mach number of 0.882 is reached, part (e), the
supersonic bubble is well developed and occupies a large portion of the
airfoil surface from x=0.075c to x=0.5c. Perhaps one weak shock occurs
within the bubble at x=0.25c, but otherwise, the bubble is fairly uniform,
unlike the case at M=0.824. At x=0.5c, the drop in Cp values indicates the
presence of a strong shock, and only one weak shock follows at x=0.8c.
When phase information from the FFT for a given transducer was
plotted, the resulting graph was quite periodic (fig 5). This information
was somewhat confusing in terms of its value in describing flow features
and activity. In order to discern any patterns that might be present in the
flow, phase differences were calculated instead. This difference was the
value of the phase at the leading edge transducer minus the value of the
phase at a given transducer. These differences were calculated and plotted
for several transducers at each of several flow speeds. The lines shown in
some of the phase difference graphs are actually third degree polynomial
curves that best fit the data. This was done so that the average phase
could be better visualized. From these figures, one can clearly see when
there is a shift in phase somewhere between various pressure transducer
locations. Figure 6 shows the actual data for the highest Mach number
case, M=0.882.
As is evident from the graph there is considerable
oscillation around the mean value of a given series.
For this reason,
subsequent plots are shown as best fit curves. Even so, the trends can be
seen from Figure 6 and the phase shift is obvious. The phase shift in this
figure occurs between x=0.05c and x=0.075c. Figure 7, however, shows
that this shift occurs much earlier on the airfoil surface. For a Mach

Figure. 7. Phase difference at M=0.824.

Figure. 8. Phase difference at M=0.512.

number of 0.824, the shift occurs between x=0.01c and x=0.02c, as can be
observed from the figure. The shifting is caught in stages as evidenced by
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the fact that at x=0.02c the phase shifts a little more before stabilizing at
x=0.03c.
The same trend can be seen in Figure 8, which is for a much slower
speed of M=0.512. The shift again begins right after x=0.01c and finally
stabilizes at about x=0.03c.
This behavior of early phase shifting is
characteristic of all the flow speeds analyzed between 0.512 and 0.824.
The meaning of a 180° shift in phase is that the value of the signal
before transformation has
changed sign.
The phase shift makes sense,
then, when one observes the graphs of the pressure coefficient versus
chord-wise position (fig. 4).
In parts (a) through (c) of Figure 4 the
positive pressure coefficient goes negative quickly, whereas in parts (d)
and (e), the transition is further back along the airfoil surface.
This
corresponds to the phase shift not occurring at M=0.882 until x=0.05c to
x=0.075c.
The magnitude, in arbitrary units, versus frequency series can also
be obtained from the FFT and plotted. Figure 9 shows a sample of these
results for M=0.824. At positions x=0.01c and x=0.02c, there was a spike at
a frequency of about 4.5 Hz. This low frequency corresponded to the
pitching and plunging motions of the wing. The wing model's angle of
attack changed due to the pitching motion, and the velocity vector of the
free stream relative to thewing changed due to the plunging motion of the
wing.
These variations with time corresponded to variations in the
pressure coefficients. Figure 10 shows the variation

Figure. 9. Magnitude versus frequency
versus at M=0.824.

Figure.

10. Pressure coefficient
time at M=0.512.

with time of the pressure coefficients for two pressure transducers located
at x=0.00c (leading edge of the wing) and x=0.01c. The frequency of 4.5 Hz
for x=0.01c seen in Figure 9 is clearly seen in Figure 9 where the sinusoidal
wave repeats itself about 4.5 times over the sampling period of one
second.
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CO NCLUSIO NS

During the course of this research effort, several computer routines
were developed to analyze unsteady flow measurements around an
aeroelastic wing model in transonic Hows.
Preliminary results indicate
that the FFT could be a useful tool for the analysis of transient flow
measurements. By observation of the raw data as well as the FFT of this
data, it is possible to determine the basic structures in complex flows.
Structures such as transition bubbles, supersonic bubbles, and shock waves
can be identified as well as the dominant flutter frequencies and phase
shifts.
Further research is necessary to determine more precise meanings of
the phase information gathered by the FFT, in particular, it's periodic
nature.
Comparisons between data from the two span-wise positions as
well as between data from upper and lower wing surfaces might also lead
to new knowledge of flow developments. Sequences of graphs over a time
interval could aid in discovering patterns in the flow not seen previously
from a frozen instant in time.
The overall research experience has been multifaceted in its
educational value to me. I have become familiar with workstations, the
UNIX operating system, the C programming language, the Fast Fourier
Transform, and naturally the problem of unsteady flow over an airfoil.
The opportunity to be involved in a project related to my major field of
study has given me motivation and helped to keep my interest in the
aerospace engineering profession.
The repercussions of what I have
learned through this project will be felt for a long time.
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